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Case Report: A Novel Intronic Mutation in AIFM1 Associated With Fatal Encephalomyopathy and Mitochondrial Disease in Infant
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Background: The AIFM1 gene is located on chromosome Xq26.1 and encodes a flavoprotein essential for nuclear disassembly in apoptotic cells. Mutations in this gene can cause variable clinical phenotypes, but genotype-phenotype correlations of AIFM1-related disorder have not yet been fully determined because of the clinical scarcity.

Case Presentation: We describe a 4-month-old infant with mitochondrial encephalopathy, carrying a novel intronic variant in AIFM1 (NM_004208.4: c.1164 + 5G > A). TA cloning of the complementary DNA (cDNA) and Sanger sequencing revealed the simultaneous presence of an aberrant transcript with exon 11 skipping (89 bp) and a normal transcript through analysis of mRNA extracted from the patient’s fibroblasts, which is consistent with direct RNA sequencing results.

Conclusion: We verified the pathogenic effect of the AIFM1 c.1164 + 5G > A splicing variant, which disturbed normal mRNA splicing. Our findings expand the mutation spectrum of AIFM1 and point out the necessity of intronic sequence analysis and the importance for integrative functional studies in the interpretation of sequence variants.
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INTRODUCTION

The AIFM1 (Mitochondria-Associated Apoptosis-Inducing Factor 1) gene (OMIM *300169) is located at Xq26.1 and contains 16 exons, coding for AIF (Apoptosis-Inducing Factor), a 67 kDa mitochondrial flavin adenine dinucleotide (FAD)-dependent oxidoreductase that plays a role in oxidative phosphorylation (OxPhos) and apoptosis pathway (1). This protein is present in the mitochondria and nucleus, where it participates in caspase-independent apoptosis by nuclear fragmentation (2). When apoptosis is induced, calpains and/or cathepsins cleave this protein into a soluble, proapoptogenic form that translocates to the nucleus and promotes chromosomal condensation and fragmentation (3).

AIFM1 is known to have roles in electron transport, apoptosis, ferredoxin metabolism, reactive oxygen species generation, and immune system regulation (4). Mutations in the AIFM1 gene have been reported to be associated with Cowchock syndrome, also known as X-linked recessive Charcot-Marie-Tooth disease-4 (CMTX-4) (5, 6), X-linked deafness-5 (DFNX5) (7), hypomyelinating leukodystrophy, and spondylometaphyseal dysplasia (H-SMD) (8). In addition, AIFM1 mutations can cause oxidative phosphorylation defects, resulting in severe mitochondrial encephalomyopathy, which is characterized by ventriculomegaly, congenital lactic acidosis, intractable seizures, polyneuropathy, and myopathy, including hypotonia and weakness (9).

Here we describe a male infant with severe mitochondrial encephalomyopathy. We demonstrated that the patient’s state was caused by the novel hemizygous mutation c.1164 + 5G > A in the AIFM1 gene. To our knowledge, this is the first report of the novel AIFM1 mutation (c.1164 + 5G > A). Experiments were carried out to explore the pathogenicity of this mutation, which confirmed that the mutation could destroy the original donor splice site and lead to exon 11 skipping.



MATERIALS AND METHODS


Clinical Presentation

The proband is a 4-month-old male infant, the second affected child of healthy non-consanguineous parents. His elder brother experienced similar symptoms and died 5 years ago at the age of 4 months. The proband was born at term with a birth weight of 2.53 kg following a normal pregnancy. On the second day after birth, the patient presented with frequent apneas and cyanosis, and was transferred to our hospital.

He presented with hypotonia and marked muscle weakness. His blood oxygen level was reduced to 77% (normal range for newborns: 93–100%), and the heart rate dropped to 110–120 beats/min (normal range for newborns:120–140 beats/min). The peripheral blood glucose fluctuated between 4.0 and 6.0 mmol/L (normal range: 3.9–6.1 mmol/L) during this period. Nasal continuous positive airway pressure (NCPAP) was used to maintain airway patency. A CT scan of the brain revealed an existing subarachnoid hemorrhage. Laboratory investigations revealed plasma lactate concentration fluctuated between normal and abnormal. Blood acylcarnitine analysis and urinary organic acid profiling showed no abnormality. Laboratory tests revealed total bilirubin (TBIL) of 170.8 μmol/L (normal range: 0–23 μmol/L) and direct bilirubin (DBIL) of 11.1 μmol/L (normal range: 0–4 μmol/L), and renal functions were basically normal.

After being hospitalized for 5 days in our hospital, the child was transferred to a provincial hospital for more than 2 months. During this period, the child underwent a number of examinations and no clear cause was determined. At said hospital, no pathogenic mutations or copy number variations were found in genes related to the disease.

At roughly 4 months old, the child was sent to the emergency department of our hospital due to spit-up and cyanosis at home. He had gone into a sudden respiratory and cardiac arrest. After rescue, the child’s complexion gradually turned rosy, and his spontaneous heartbeat was restored. Considering that the child’s breathing was unstable after successful cardiopulmonary resuscitation, advanced life support treatment was still needed, so he was transferred to PICU under the condition of tracheal intubation and resuscitation bag positive pressure ventilation for further monitoring and treatment.

Later, despite the use of non-invasive respiratory support, the child still had repeated apneas, accompanied by mental fatigue, drowsiness, and sudden hypotension. The lactic acid was always high, fluctuating at 5–12.9 mmo/L (normal range: 0.5–2.2 mmol/L), showing a progressive increase.

A brain magnetic resonance imaging (MRI) examination was performed and revealed a bilateral hyperintensity of basal ganglia (Figure 1A). Hydrocephalus was suggested by a moderately enlarged ventricle system, centered on each side of the ventricle and a widened extracerebral space in the temporal part of both sides. The patient’s lactate peak was distinctly discernible as an inverted doublet at TE = 144 ms by single voxel magnetic resonance spectroscopy (MRS) of the left basal ganglia (Figure 1B). Multiple basic symmetrical abnormal signals, combined with MRS can be seen in the bilateral basal ganglia, brainstem, thalamus, frontal lobe, parietal lobe, bilateral limbic lobe, and temporal cortex, suggesting mitochondrial encephalopathy. Finally, the proband died due to respiratory failure after the parents ceased treatment.
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FIGURE 1. MRI and MRS in the patient. (A) T2 weighted image (T2WI) showed symmetrical hyperintensity in the basal ganglia and thalamus, and a small amount of subdural effusion in the forehead. (B) Single voxel MRS of the left basal ganglia. The lactate peak, clearly visible as an inverted doublet at TE = 144 ms.




Whole Exome Sequencing and Bioinformatic Analyses

The peripheral blood samples were obtained from the patient and his family members after informed consent was obtained. Whole Exome Sequencing (WES) was performed to analyze the coding exons and the exon-intron boundaries of protein-coding genes by the Novogene Bioinformatics Institute (Tianjin, China). The American College of Medical Genetics and Genomics (ACMG) guidelines were also used to classify this variant. The 3D models of the normal and mutant protein are predicted by the I-TASSER server1 and visualization was carried out by PyMOL.



mRNA Sequencing

RNA sequencing was conducted by the Novogene Bioinformatics Institute (Beijing, China). Preparation of sample is followed by the RNA library preparation. RNA library is formed by polyA capture (or rRNA removal) and reverse transcription of cDNA. Illumina PE150 technology is employed to sequence the sample and the final stage involves the bioinformatics analysis.



Muscle and Skin Biopsy

Quadricep muscle and skin biopsies were obtained from the patient. Age- and gender-matched specimens of normal human muscle and skin were obtained from a patient during surgery. For the use of biomedical studies, fibroblasts were cultured and harvested from the biopsies.



Reverse Transcription-Polymerase Chain Reaction and TA Clone Sequencing

We preformed reverse transcription-polymerase chain reaction (RT-PCR) on mRNA extracted from the patient’s fibroblasts in order to evaluate the potential effect of this variant on splicing. The cDNA obtained was amplified by PCR, using a set of primers: the forward primer aligning on exon 10 (5′-CAGCAACTGGACCATGGAAA-3′) and the reverse primer aligning on exon 12 (5′-GCTCTGCATTTACCCGGAAG-3′) of AIFM1 gene. The PCR products were gel-purified and ligated into the pMD19-T vector and transformed into E. coli DH5α. The colonies were picked and screened by PCR, and the positive clones were sent for sequencing (Sangon Biotech, Shanghai, China).



Real-Time Quantitative Polymerase Chain Reaction

The relative mRNA expression levels of AIFM1 in the fibroblasts of the patient and control normal individual were compared by real-time quantitative polymerase chain reaction (RT-qPCR). Four pairs of primers were designed to detect the mRNA level of AIFM1. Each experiment was performed in triplicate, and expression data were normalized to β-actin as an internal reference gene. The 2–ΔΔCt method was used for quantification by comparing the Ct values.



Western Blot Analysis

Fibroblasts were trypsinied, centrifuged at 1000 g for the duration of 5 min, followed by solubilizing in RIPA buffer with protease inhibitors. For muscle tissues, ice-cold lysis buffer was rapidly added to the samples, followed by homogenizing with an electric homogenizer and rinsing the blade twice with another 2 × 300 μL lysis buffer. The samples were then kept at 4°C for 2 h with continual agitation. Immunoblot analysis was performed with the ECL-chemiluminescence kit in accordance with manufacturer’s protocol. A mouse monoclonal anti-GAPDH (4A Biotech Co., Ltd., Shanghai, China, Cat. No. 4ab030004) and mouse monoclonal anti-AIFM1 antibody binding to the C-terminus of human AIF (Boster Biological Technology, Wuhan, China, Cat. No. M01571-1) were used. The HRP-conjugated Affinipure Goat Anti- Rabbit IgG (H + L) was used as secondary antibody (Proteintech, Illinois, IL, United States, Cat. No. SA00001-2).



Immunofluorescence

For immunofluorescence, cells were fixed in 4% paraformaldehyde and permeabilized in 0.25% Triton X-100. Subsequently, cells were blocked and immunostained with antibodies in 5% goat serum and treated with 4′,6-Diamidino-2-phenylindole (DAPI) staining solution (Beyotime Biotechnology, Shanghai, China) before mounting. Anti-TOMM20 (Millipore, Bedford, MA, United States) was used at 1/200 dilution for mitochondria localization. Images were visualized using Nikon Eclipse Ti-S Phase Contrast Fluorescence Inverted Microscope (Nikon, Tokyo, Japan).



NAD+ and Cytochrome C Oxidase Measurement

The level of NAD+ in fibroblasts was determined using NAD+ /NADH assay kit (Beyotime, S0175, Shanghai, China) with WST-8 according to the manufacturer’s instructions. Human Cytochrome C Oxidase (COX) of cell culture supernatant were measured using the Human COX ELISA kit (RX105095H, Ruixin Biotech, Quanzhou, Fujian, China) according to instruction of the manufacturer.




RESULTS


Whole Exome Sequencing Analysis

In the proband, WES identified a maternally inherited hemizygous variant in intron 11 of the AIFM1 gene, c.1164 + 5G > A, on the X chromosome. Sanger sequencing confirmed that this mutation was also present in his elder brother who died 5 years ago due to similar symptoms. His mother is a heterozygous carrier of the mutation, but maternal grandparents don’t have this mutation. Therefore, this is a de novo mutation that occurred in the mother and passed down to the two sons (Figures 2A,B).
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FIGURE 2. (A) Family pedigree. Black symbols represent affected persons and symbols with a dot, carriers. The proband is indicated by an arrow. (B) Chromatograms for the mutations confirmed by Sanger sequencing. (C) Agarose gel electrophoresis of the transcripts generated by cDNA amplification of the patient and control, with adjacent schematic representation of the resulting splicing events. The PCR product of patient was marked by red arrow. (D) Agarose gel electrophoresis of cloning PCR. S1–S9 represent the different clones picked. (E) Sanger sequencing electropherogram of gel-purified fragments for the upper band and lower band from the patient cDNA samples. (F) AIFM1 Sashimi plot of RNA extracted from patient’s and control’s fibroblasts.


c.1164 + 5G > A is absent from dbSNP version 147, 1000 genomes project, ExAC, HGMD, and Clinvar databases and not found in the literature. Computational predictions using SpliceAI, HSF, and MatEntScan did not predict intronic c.1164 + 5G > A to have an impact on splicing.



Functional Analysis

We evaluated the functional significance of the c.1164 + 5G > A mutation because it was missing from databases and co-segregated with disease phenotype in the family. The control fibroblasts produced a single 236 bp product by reverse-transcription PCR targeting exon 10 and exon12 of the AIFM1 gene, whereas the patient’s fibroblasts produced two bands (236 and 147 bp) (Figure 2C). In order to clarify the two bands, the PCR products were TA cloned and screened by cPCR, then two sizes of products were clearly seen (Figure 2D). Sanger sequencing showed that the shorter product on the patient’s fibroblasts lacked exon 11 (89 bp) (Figure 2E). The novel splice variant in AIFM1 led to exon 11 skipping. The effect of this intron mutation on splicing was confirmed through RNA-sequencing (Figure 2F).

The RT-qPCR analysis using four pairs of primers targeting the sequence after the mutation site showed that the AIFM1 mRNA levels were significantly decreased in the patient’s fibroblasts (Figure 3A). The detrimental effect of the identified variant was also confirmed using western blot analysis, which showed a highly reduced amount of AIF protein in the patient’s fibroblasts (Figure 3B) and muscle (Figure 3C) compared with controls. These findings highlighted the novel variant’s potential pathogenic effect, as the intronic mutation leads to reduced AIF1 expression, likely due to incomplete penetrance of the splicing defect, allowing minimal production of wildtype transcript.


[image: image]

FIGURE 3. (A) Relative quantification of mRNA levels for AIFM1 in controls and patient’s fibroblasts using different primers. The results of mRNA are the average of the values assessed after three reaction tests. (B) Western blot analysis in controls and patient’s fibroblasts using AIF antibody. GAPDH was used as loading control. The patient’s sample shows a clear reduction in the AIF amount compared with the control lines. (C) Western blot analysis in controls and patient’s muscles using AIF antibody. GAPDH was used as loading control. (D) Electron microscopy of quadriceps muscle demonstrating large, irregularly shaped mitochondria, including one with concentric cisternae. (E) TOMM20 staining of the patient’s and control fibroblast. DAPI was used to mark the nucleus.


Electron microscopy analysis of a muscle biopsy from the patient revealed large mitochondria with insufficient fusion of the inner mitochondrial membrane. The mitochondria were contorted and irregularly shaped, with no inclusions (Figure 3D). Mitochondrial fragmentation was also noted in the patient’s fibroblast by staining the mitochondrial protein TOMM20 (Figure 3E).

The AIF protein contains three major domains: a FAD-binding domain (residues 128–262 and 401–480), a NADH-binding domain (residues 263–400), and a C-terminal domain (residues 481–608) (Figure 4A). The non-coding mutation identified in the present study was located at 5 bp of intron 11 which was close to exon 11 (Figure 4B). It was located at the 5′ splice site and was verified to cause exon 11 skipping, which competes with the wild-type splicing donor site, resulting in two coexisting transcript populations, the mutant, and the wild-type form. The mutant causes a frameshift resulted in the change of amino acid coding after R358, and the early termination codon was generated at the position of amino acid 362 (the full-length of AIF is 613 amino acids) (Figure 4B). Computational modeling for wild-type and mutant AIF were performed using I-TASSER to execute the 3D structure. As shown in Figure 4C, part of the NADH domain, the second FAD region and C-terminal are deleted in the mutant AIFM1, which might change its protein stability. The NAD+/NADH ratio is decreased in patient’s fibroblasts (Figure 4D), while the COX of cell culture supernatant showed no difference between the patient and control (Figure 4E).
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FIGURE 4. (A) Schematic model representing the AIF protein. AIF is a flavoprotein (with an oxidoreductase enzymatic activity) containing a FAD-bipartite domain (amino-acids 128–262 and 401–480), a NADH-binding motif (amino-acids 263–400), and a C-terminal domain (amino-acids 481–608) where the proapoptotic activity of the protein resides. In addition, it has a Mitochondria Localization Sequence (MLS, amino-acids 1–41) placed in its N-terminal region. AIF also possesses two DNA-binding sites, which are located in amino-acids 255–265 and 510–518, respectively. (B) The mutant causes a frameshift resulted in the change of amino acid coding after R358, and the early termination codon was generated at the position of amino acid 362. (C) Protein structure modeling of wild-type and mutated AIFM1. A part of the amino acid sequence has been eliminated in the mutated protein compared to the wild type protein. (D) The NAD+/NADH ratios in fibroblasts of patient and control. (E) The human COX of cell culture supernatant in patient and control. *Statistically significant difference at p < 0.05.





DISCUSSION

This study describes a patient with fatal encephalomyopathy and mitochondrial disease that carried a novel intronic variant in the AIFM1 gene (NM_004208.4: c.1164 + 5G > A). AIFM1 gene has already been linked to mitochondrial encephalomyopathy, while intronic mutations of AIFM1 have not been reported yet (4). To the best of our knowledge, this study is the first to report the variant, which is not included in the HGMD, 1000 Genomes Project and dbSNP147 databases.

The discovery of an intronic mutation in the AIFM1 gene prompted us to evaluate AIFM1 mRNA splicing in patient fibroblasts using RNASeq. We provided the first experimental characterization of this novel variant and elucidated its impact on RNA splicing. There are two possible outcomes for mRNAs carrying premature termination codons: non-sense-mediated mRNA decay (NMD) (10, 11) or translation to truncated proteins (12). NMD is an evolutionarily conserved quality assurance pathway found in eukaryotic cells. It has the function of examining mRNA for any potential errors, eliminating any error-containing transcripts, and regulating the amount of non-mutated transcript in the transcriptome (13). According to the mammalian non-sense-mediated mRNA decay (NMD) rule that stop codons located > 50–55 nucleotides upstream of the 3′ most splice-generated exon-exon junction usually trigger NMD in mammals (14), this mutation probably results in degradation by non-sense-mediated decay.

Alternative splicing is one of the important mechanisms in regulating gene expression, splice sites (5′ and 3′), the branch site and the polypyrimidine sequence are the key splicing signals that have major roles in the splicing of pre-mRNA (15). Splicing mutations have been identified in a number of different genes and shown to have a variety of consequences, including exon skipping and intron retention (16). Most of these splicing mutations occur within or close to conserved consensus donor (+1/+2) or acceptor (−1/−2) splice sites (17). However, mutations remote from the splice donor or acceptor sites have also been shown to lead to aberrant splicing in a number of reports (18–20). Thus, intronic mutations particularly within the splice sites (∼20 bp) must be considered more readily when evaluating sequence variants, especially when tributary mutation in coding regions or canonical splice sites cannot be found. This mutation was not recognized until this case study despite the subject’s brother having the same mutation and dying of the same disease 5 years previous. Unfortunately, due to the lack of regular intronic sequencing, and atypical mitochondrial encephalopathy presentation in the early stage, with mild changes in lactic acid meant the subjects were not diagnosed until after death.

Pathogenic intronic mutations can be detected by WGS and analyzed by RNA-Seq. This combined strategy makes it possible to unravel cases with more arduous molecular causes and will indisputably improve the mutation identification methods in the future. Due to the limitations of bioinformatic tools such as the splicing predictor, our study suggested that functional analysis is required to determine the pathogenicity of mutations. As a result, our research is the first functional validation report of a novel splicing mutation in AIFM1 associated with fatal encephalomyopathy and mitochondrial disease.

In conclusion, our findings show that a unique intronic mutation of the AIFM1 gene affects splicing, expanding the mutation spectrum of AIFM1 and emphasizing the importance of intronic sequence analysis and integrative functional research in the elucidation of sequence variants.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI (accession: NM_004208.4).



ETHICS STATEMENT

This study was authorized by and carried out in compliance with the protocol of the Institutional Medical and Ethics Committee of Dongguan Children’s Hospital Affiliated to Guangdong Medical University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

XL and ZZ designed the study. KM, LW, YHZ, YZZ, CR, DL, ZJ, and HL carried out experimental work. WL performed the MRI studies. QP and XL prepared the first draft of the manuscript. CD revised the manuscript. All authors approved the final manuscript.



FUNDING

This study was supported by the Medical Scientific Research Foundation of Guangdong Province of China (Project Number: A2020261) and Guangdong Basic and Applied Basic Research Fund (Guangdong-Dongguan Joint Fund) (Project Number: 2020A1515110186). The funders had no role in the design of the study or in the collection, analysis, and interpretation of data or in writing the manuscript.



ACKNOWLEDGMENTS

We thank the patient and his family for participating in this study.


FOOTNOTES

1https://zhanglab.dcmb.med.umich.edu/I-TASSER/


REFERENCES

1. Joza N, Pospisilik JA, Hangen E, Hanada T, Modjtahedi N, Penninger JM, et al. AIF: not just an apoptosis-inducing factor. Ann N Y Acad Sci. (2009) 1171:2–11. doi: 10.1111/j.1749-6632.2009.04681.x

2. Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, Brothers GM, et al. Molecular characterization of mitochodrial apoptosis-inducing factor. Nature. (1999) 397:441–6. doi: 10.1038/17135

3. Ferreira P, Villanueva R, Martínez-Júlvez M, Herguedas B, Marcuello C, Fernandez-Silva P, et al. Structural insights into the coenzyme mediated monomer-dimer transition of the pro-apoptotic apoptosis inducing factor. Biochemistry. (2014) 53:4204–15. doi: 10.1021/bi500343r

4. Morton SU, Prabhu SP, Lidov HGW, Shi J, Anselm I, Brownstein CA, et al. AIFM1 mutation presenting with fatal encephalomyopathy and mitochondrial disease in an infant. Mol Case Stud. (2017) 3:a001560. doi: 10.1101/mcs.a001560

5. Rinaldi C, Grunseich C, Sevrioukova IF, Schindler A, Horkayne-Szakaly I, Lamperti C, et al. Cowchock syndrome is associated with a mutation in apoptosis-inducing factor. Am J Hum Genet. (2012) 91:1095–102. doi: 10.1016/j.ajhg.2012.10.008

6. Cowchock FS, Duckett SW, Streletz LJ, Graziani LJ, Jackson LG. X-linked motor-sensory neuropathy type II with deafness and mental retardation: a new disorder. Am J Med Genet. (1985) 20:307–15. doi: 10.1002/ajmg.1320200214

7. Zong L, Guan J, Ealy M, Zhang Q, Wang D, Wang H, et al. Mutations in apoptosis-inducing factor cause X-linked recessive auditory neuropathy spectrum disorder. J Med Genet. (2015) 52:523–31. doi: 10.1136/jmedgenet-2014-102961

8. Mierzewska H, Rydzanicz M, Biegański T, Kosinska J, Mierzewska-Schmidt M, Ługowska A, et al. Spondyloepimetaphyseal dysplasia with neurodegeneration associated with AIFM1 mutation – a novel phenotype of the mitochondrial disease. Clin Genet. (2017) 91:30–7. doi: 10.1111/cge.12792

9. Ghezzi D, Sevrioukova I, Invernizzi F, Lamperti C, Mora M, D’Adamo P, et al. Severe X-Linked Mitochondrial Encephalomyopathy Associated with a Mutation in Apoptosis-Inducing Factor. Am J Hum Genet. (2010) 86:639–49. doi: 10.1016/j.ajhg.2010.03.002

10. Brogna S, Wen J. Nonsense-mediated mRNA decay (NMD) mechanisms. Nat Struct Mol Biol. (2009) 16:107–13. doi: 10.1038/nsmb.1550

11. Hug N, Longman D, Cáceres JF. Mechanism and regulation of the nonsense-mediated decay pathway. Nucleic Acids Res. (2015) 44:1483–95. doi: 10.1093/nar/gkw010

12. Roest PAM, Roberts RG, Sugino S, Van Ommen GJB, Den Dunnen JT. Protein truncation test (PTT) for rapid detection of translation-terminating mutations. Hum Mol Genet. (1993) 2:1719–21. doi: 10.1093/hmg/2.10.1719

13. Chang YF, Imam JS, Wilkinson MF. The Nonsense-mediated decay RNA surveillance pathway. Annu Rev Biochem. (2007) 76:51–74. doi: 10.1146/annurev.biochem.76.050106.093909

14. Nagy E, Maquat LE. A rule for termination-codon position within intron-containing genes: when nonsense affects RNA abundance. Trends Biochem Sci. (1998) 23:198–9. doi: 10.1016/s0968-0004(98)01208-0

15. Wang Y, Liu J, Huang B, Ym Xu, Li J, Huang LF, et al. Mechanism of alternative splicing and its regulation. Biomed Rep. (2015) 3:152–8. doi: 10.3892/br.2014.407

16. Mayer K, Ballhausen W, Leistner W, Rott H. Three novel types of splicing aberrations in the tuberous sclerosis TSC2 gene caused by mutations apart from splice consensus sequence. Biochim Biophys Acta. (2000) 1502:495–507. doi: 10.1016/s0925-4439(00)00072-7

17. Anna A, Monika G. Splicing mutations in human genetic disorders: examples, detection, and confirmation. J Appl Genet. (2018) 59:253–68.

18. Sangermano R, Khan M, Cornelis SS, Richelle V, Albert S, Garanto A, et al. ABCA4 midigenes reveal the full splice spectrum of all reported noncanonical splice site variants in Stargardt disease. Genome Res. (2018) 28:100–10. doi: 10.1101/gr.226621.117

19. Parada GE, Munita R, Cerda CA, Gysling K. A comprehensive survey of non-canonical splice sites in the human transcriptome. Nucleic Acids Res. (2014) 42:10564–78. doi: 10.1093/nar/gku744

20. Conboy JGA. Deep exon cryptic splice site promotes aberrant intron retention in a von willebrand disease patient. Int J Mol Sci. (2021) 22:13248. doi: 10.3390/ijms222413248


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Peng, Ma, Wang, Zhu, Zhang, Rao, Luo, Jiang, Lai, Lu, Duan, Zhou and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fped-10-889089-g004.jpg
A s s s DNA-binding sites (aas. 225-265 and 510-518)

Cathepsins-cleavage site

399
Hsp70-binding domain CypA-binding domain

150 228 367

c.1164+5G>A

s s | ,,.

‘ exon 10 ‘ intron 10 ‘ exon 11 {GTAAA... intron 11 l exon 12 ‘ pre-mRNA

Splicing

v

l exon 10 exon 12 l

mRNA aga cga ggt aga aac tga
aminoacids R RG R N *
357 358 359 360 361 T

Mutant

premature stop codon

exon 11 exon 12 l

‘ exon 10

Wild type mRNA aga cga gag ggg gtt aag gtg atg ccc aat ---

aminoacids R R EGVKVYVMUPN...
357 358 359 360 361 362 363 364 365 366...

Wild type Mutant Merge

O
(3)
(=
|
m
N
o
I

-
o
|
i
8
|

-
a
[

COX {ng/ml)
m o
| |

The ratio of NAD"/NADH
:b <8
N (@)
| |

»
(=
|
o
|






OPS/images/fped-10-889089-g001.jpg
A P T L YO | "|

R i L

b \ '] ‘. ,l‘ ] R | l“l B ii”J
, AU AN i .”.'1 Wi , 11 ‘AL ]lu;
{ | ! | ' u I'






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Case Report: A Novel Intronic Mutation in AIFM1 Associated With Fatal Encephalomyopathy and Mitochondrial Disease in Infant



		INTRODUCTION



		MATERIALS AND METHODS



		Clinical Presentation



		Whole Exome Sequencing and Bioinformatic Analyses



		mRNA Sequencing



		Muscle and Skin Biopsy



		Reverse Transcription-Polymerase Chain Reaction and TA Clone Sequencing



		Real-Time Quantitative Polymerase Chain Reaction



		Western Blot Analysis



		Immunofluorescence



		NAD+ and Cytochrome C Oxidase Measurement







		RESULTS



		Whole Exome Sequencing Analysis



		Functional Analysis







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fped-10-889089-g003.jpg
] | | | 1
0 S 0 S
1 0

- o
uonjesyuenb YNy w aAiey

T T 1
< i 4 —
o

- o
uoieoynuenb yNYW aAlejey

1.59

<

AIFM1EX12-13

AIFM1EX10-11

st
(a
2,
L &)
%
© %
&S O
S
T it
:E 5 -
1
p—
L
2 z 5 ! <
~— — o o
uonesyiuenb YN W aAne|oy O
3
K
2%

Ct”

AIFM1EX14-15
Ct’
——— CEEEEEED

Ct

uonesyiuenb yNNW aAle|ay

AIFM1

GAPDH ““Sessessat

GAPDH s cassss cammms "

,%

;C.

. a..

Control

Patient

Control

Patient





OPS/images/fped-10-889089-g002.jpg
Hemizyous / Hemizyous

750bp

500bp

250bp

100bp

B
WT ‘ WT
Heterozygous
patient control
Wild type cDNA
Exonl0 Exonll Exonl2

c.1164 +5G> A

cDNA

Exonl0 Exonl2

—

Control

Grandfather

Grandmother
Father GGTAAG G AAGG AAAAG AT

WT

750bp
500bp

250bp
100bp

G GT AAG G AAG G AAAAMNGAT

WT c.1164+5 G>A/WT
f
{

60
G GTAAG G AAG G AAAAMNGAKAT

Al

Exonl0 |

S1 S2 S3 S4 S5 Sé6 S7 S8 S9

Mother

G GT AAG GA AG G AAAAMNMGAT

G CTARNECG ANEGCGCAIMMANMNG MY

Brother

c.1164+5G>A

G GTAAAGAAG G AAAANGAT

Proband
c.1164+5G>A

Exonll

TCAGACGAGlAGGGGGTTAAG

Exonl0

Exonl2

TCAGACGAGI GTAG AAACTG AC

sk

QAAbgrad sertedd ,C oord ot bam

PAbgred sorted )< sord nk bam

Patient

129269966

129270405

4

Exon 10

Exon 11

Exon 12





OPS/images/cover.jpg
& frontiers | Frontiers in Pediatrics










OPS/images/logo.jpg
¥ frontiers | Frontiers in Pediatrics





